In an effort to elucidate the variation of the electronic structure as a function of oxidation and composition, we investigated an extensive series of dichromium oxide clusters, Cr 2 O n − ͑n =1-7͒, using photoelectron spectroscopy ͑PES͒. Well-resolved PES spectra were obtained at several photon energies. While low photon energy spectra yielded much better spectral resolution, high photon energy data allowed both Cr 3d-and O 2p-derived detachment features to be observed. The overall spectral evolution of Cr 2 O n − exhibits a behavior of sequential oxidation with increasing oxygen content, where low binding energy Cr 3d-based spectral features diminish in numbers and the spectra shift towards higher binding energies as a result of charge transfer from Cr to O. Evidence was obtained for the population of low-lying isomers for Cr 2 O 2 − , Cr 2 O 3 − , and Cr 2 O 6 − . The current data are compared with previous studies and with related studies on W 2 O n − and Mo 2 O n − .
I. INTRODUCTION
Chromium oxides are important materials with broad technological applications.
1 Chromium oxide-based catalysts are responsible for numerous industrial processes, 2 whereas CrO 2 is widely used in magnetic recording tapes and other thin film applications.
3, 4 Both the catalytic activity and magnetic properties of chromium oxides are closely dependent on their compositions. In the gas phase, dichromium oxide clusters [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and bare Cr 2 dimer [17] [18] [19] [20] [21] [22] [23] [24] are intriguing species. Chromium possesses a unique half-filled 3d 5 4s 1 electronic configuration. In Cr 2 , antiferromagnetic spin coupling leads to a 1 ⌺ g + singlet ground state and a formal bond order of six. [17] [18] [19] [20] [21] [22] [23] [24] The Cr 2 − anion also has an antiferromagnetic spin coupling and a magnetic moment of 1 B . 20 However, the Cr 2 + cation was recently predicted by density functional theory ͑DFT͒ calculations to possess a ferromagnetic spin coupling and a high magnetic moment of 11 B . 24 Reddy et al. 5, 6 conducted DFT calculations on Cr 2 O n ͑n =1-6͒ clusters and found oscillatory magnetic coupling as a function of n. Pandey and co-workers 7, 8 also reported DFT studies on Cr 2 O n ͑n =1-4͒. More recently, Kondow and co-workers 9,10 reported a combined photoelectron spectroscopy ͑PES͒ and DFT study on Cr 2 O − , Cr 2 O 2 − , and Cr 2 O 3 − . They found highly spin-polarized electronic structure and ferromagnetic coupling in these clusters and raised the interesting possibility of chemical control of magnetism.
We have been interested in understanding the structural and electronic properties of transition metal oxide clusters, which are used as molecular level models for the complicated catalytic surfaces and for providing possible mechanistic insight into the catalytic activity. The current work represents a continuation of our research interest in metal oxide clusters. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Among our previous PES studies is the characterization of a series of monochromium oxide clusters, CrO n − and CrO n ͑n =1-5͒. 31 In another closely relevant recent work, 34, 35 we have characterized the electronic and structural properties of W 2 O n − ͑n =1-7͒. We have found superoxide species 38 and d-orbital aromaticity 36 in tungsten oxide clusters. Jarrold and co-workers have recently investigated the electronic structure and chemical reactivity of several related dimolybdenum oxide clusters. 39, 40 Here we report a PES study of a complete series of dichromium oxide clusters Cr 2 O n − ranging from n = 1 to 7 systematically at several photon energies. Significantly better resolved spectra have been obtained for n =1-3 and are compared with the previous studies. 9, 10 As a result, several major reassignments are made. We have observed that the overall PES spectral evolution displays a behavior of sequential oxidation with increasing oxygen content. Evidence is also obtained for the coexistence of isomers for Cr 2 O 2 − , Cr 2 O 3 − , and Cr 2 O 6 − . Electron affinities are obtained for all the neutral Cr 2 O n clusters, which are observed to increase with n due to the sequential oxidation. Comparisons with the related isoelectronic systems, W 2 O n − and Mo 2 O n − , are also made.
II. EXPERIMENTAL METHOD
The experiment was carried out using a magnetic-bottletype PES apparatus equipped with a laser vaporization supersonic cluster source, details of which have been described previously. 41, 42 Briefly, chromium oxide cluster anions were produced by laser vaporization of a pure chromium target in the presence of a helium carrier gas seeded with 1% N 2 O or 0.5% O 2 . Various Cr m O n − clusters were produced from the source and analyzed using a time-of-flight mass spectrometer. The Cr 2 O n − ͑n =1-7͒ species of current interest were each mass selected and decelerated before being photodetached. Four detachment photon energies were used in the present study: 532 nm ͑2.331 eV͒, 355 nm ͑3.496 eV͒, 266 nm ͑4.661 eV͒, and 193 nm ͑6.424 eV͒. Photoelectrons were collected at nearly 100% efficiency by the magnetic bottle and analyzed in a 3.5-m-long electron flight tube. The photoelectron spectra were calibrated using the known spectrum of Rh − , and the energy resolution of the PES apparatus was ⌬Ek / Ek ϳ 2.5%, that is, ϳ25 meV for 1 eV electrons.
It was noted that the highly oxygen deficient species ͑e.g., Cr 2 O − and Cr 2 O 2 − ͒ were extremely reactive and had exhibited very low abundance when the 0.5% O 2 or 1% N 2 O seeded helium carrier gas was used. Instead, they were produced with a pure helium carrier gas as impurities, where oxide contamination on the target surface or residual oxygen inside the nozzle served as the oxygen source. We also found that both 0.5% O 2 and 1% N 2 O seeded helium carrier gases were good oxygen sources to produce the Cr 2 O n − clusters; but the N 2 O-seeded He carrier gas represented a more gentle oxygen source and tended to produce relatively colder oxide clusters. We have shown previously that cluster temperature control is essential for high quality PES experiments. [43] [44] [45] [46] All data presented in the current study were obtained using the He carrier gas seeded with 1% N 2 O or pure He carrier gas, unless specifically stated otherwise.
III. RESULTS
The PES spectra for Cr 2 O n − ͑n =1-6͒ at different photon energies are shown in Figs. 1-8, whereas Fig. 9 compares all the spectra for n =1-7 at 193 nm. The observed electronic transitions are labeled with letters and the measured adiabatic detachment energy ͑ADE͒ and vertical detachment energy ͑VDE͒ and vibrational frequencies are summarized in Table I .
A. Cr 2 O −
The PES spectra of Cr 2 O − at four photon energies are shown in Fig. 1 , which revealed complicated and congested electronic transitions. The 532 nm spectrum ͓Fig. 1͑a͔͒ revealed four relatively sharp bands ͑X, A, B, and C͒. However, the lowest energy band ranging from 0.7 to 1.5 eV appeared to consist of an intense and sharp feature ͑X͒ sitting on top of a broad band ͑XЈ͒. X and XЈ were likely due to two overlapping electronic transitions. The VDE of the XЈ band was estimated to be ϳ1.1 eV. Since no vibrational structures were resolved for the XЈ band, the ADE was estimated by drawing a straight line at its leading edge on the low energy side, and then adding the instrumental resolution to the intersection with the binding energy axis. For sharp spectral onsets, this method can yield relatively accurate and consistent ADE values. However, for Cr 2 O − , the obtained value, 0.9± 0.1 eV, should be viewed as the upper limit for the ADE due to the broad nature of band XЈ, which indicates a large geometry change between the ground states of Cr 2 O − and Cr 2 O. Features X, A, B, and C were all very sharp and well defined; their VDEs were measured to be 1.17, 1.71, 1.95, and 2.12 eV, respectively.
The 355 nm spectrum showed more complicated features at higher binding energies ͓Fig. 1͑b͔͒. Band D was tentatively labeled, which became better defined in the 266 and 193 nm spectra. But there were likely unresolved electronic transitions in the energy ranges around bands C and D from 2.1 to 3 eV. Band E was very sharp with a VDE of 3.20 eV in the 266 nm spectrum. The high photon energy spectra at 266 and 193 nm did not produce any additional well-resolved transitions and revealed essentially continuous signals beyond 3 eV.
B. Cr 2 O 2 −
The spectra of Cr 2 O 2 − at four detachment photon energies are shown in Fig. 2 . One major band ͑X͒ was observed at 532 nm with a VDE of 1.69 eV and an ADE of 1.65 eV. This band exhibited discernible fine features with an average spacing Ͻ300 cm −1 , which was likely due to a low frequency bending mode. Very weak signals ͑XЈ͒ were present at low binding energies around ϳ1.2 eV. The extremely low intensity of this band suggested that it probably came from a The ADE also represents the electron affinity of corresponding neutral species.
very weakly populated low-lying isomer. At 355 nm ͓Fig. 2͑b͔͒, three more bands A, B, and C were revealed at VDEs of 2.52, 2.99, and 3.16 eV, respectively, following a significant energy gap of ϳ0.8 eV after the X band. Band A was vibrationally resolved with a short vibrational progression and a spacing of 890 cm −1 . At 266 nm ͓Fig. 2͑c͔͒, a rather broad band ͑D͒ was observed at ϳ3.8 eV, which became better defined at 193 nm. However, beyond 4 eV the 193 nm spectrum became continuous without any resolved features. 91 eV, h: 1.94 eV, and i: 1.98 eV͒, which appeared to be due to two vibrational progressions, a high frequency mode with a spacing of 620 cm −1 and a low frequency mode with a frequency ϳ280 cm −1 . The ADE of band X was defined by the fine feature a at 1.68 eV, whereas the VDE of band X was defined by the feature e at 1.83 eV. At 355 nm, a broad band A was observed with a VDE of 2.36 eV ͓Fig. 3͑b͔͒. Two relatively sharp bands B and C were also observed at higher binding energies with VDEs of 3.01 and 3.14 eV, respectively. The 266 and 193 nm spectra revealed congested PES features at higher binding energies. Two broad features D and E could be tentatively identified.
We observed that under hot source conditions the relative intensity of band X appeared to increase. Figure 4 shows a 193 nm spectrum measured by using 0.5% O 2 seeded He carrier gas, which produced relatively hot clusters. The intensity increase of band X under the hot source conditions suggested that it contained contributions from a low-lying isomer. Fig. 5 . The 355 nm spectrum ͓Fig. 5͑a͔͒ revealed a broad band for the ground state transition ͑X͒ with discernible fine features. The lower binding energy part of the band appeared to be better resolved than the higher binding energy part, and a vibrational spacing of 630 cm −1 could be identified. The ADE and VDE of band X were evaluated to be 2.55 and 2.84 eV, respectively. The lowest binding energy peak, labeled "HB," was assigned as a hot band transition because of its larger spacing from the 0-0 transition. The 266 nm spectrum ͓Fig. 5͑b͔͒ resolved a second band A at a VDE of 4.12 eV, following a large energy gap of ϳ1.3 eV from band X. At 193 nm, three more broad bands were observed. Band B at 4.70 eV was relatively weak, whereas bands C and D were both very intense. − , as shown in Fig. 7 . The 266 nm spectrum revealed the ground state transition X, which showed a partially resolved vibrational progression with a spacing of 780 cm −1 . The 0-0 transition defined an ADE of 4.28 eV. A weak and broad feature XЈ was observed at lower binding energies. The 193 nm spectrum ͓Fig. 7͑b͔͒ resolved two intense and sharp bands at higher binding energies, A ͑VDE: 5.98 eV͒ and B ͑VDE: 6.28 eV͒, following a large gap ͑ϳ1.7 eV͒ from the X band. However, some weak signals ͑AЈ͒ were also observed in the gap region. Under hot source conditions, we found that bands XЈ and AЈ were significantly enhanced ͑Fig. 8͒, suggesting that they were due to a low-lying isomer. − was predicted to be a high spin state ͑S =9/2͒ ͑ferro-magnetic͒ with C 2v symmetry and a long Cr-Cr distance of 2.85 Å. The low spin isomer ͑S =1/2͒ ͑antiferromagnetic͒ was found to be 1.6 eV higher in energy with a much shorter Cr-Cr distance of 1.83 Å. They made semiquantitative spectral assignments according to their DFT calculations and identified three bands ͑X, A, and B͒, which were consistent with the current 266 nm data. However, in the current study the lowest energy band was resolved into a sharp peak X and a broad band XЈ ͓Fig. 1͑a͔͒, which were thought to be one broad band by Kondow and co-workers, 9, 10 as that shown in the 266 nm spectrum ͓Fig. 1͑c͔͒. Our observation calls for a new spectral assignment, as shown in Table II .
G. Cr
Kondow and co-workers assigned the ground state transition with a calculated VDE of 1.08 eV ͑ 11 B 2 , Table II͒ to the broad X band in their spectrum and assigned the transitions at VDEs 1.65 eV ͑ 9 A 2 ͒ and 1.68 eV ͑ 9 A 1 ͒ to the A band, which was less well resolved in the previous study. Clearly, these assignments need revisions in light of the current data, because ͑1͒ the band A is in fact very sharp and is unreasonable to be assigned to two electronic transitions ͑Fig. 1͒ and ͑2͒ two electronic states are now resolved in the low binding energy band ͑XЈ and X͒. We propose to reassign the spectral transitions, as given in Table II . In the new assignment, the ground state transition ͑ 11 B 2 ͒ is assigned to the broad band XЈ, the 9 A 2 transition to the X band, and the 9 A 1 transition to the A band. Kondow and co-workers' DFT calculations showed that there is a large geometry change in the ЄCr-O-Cr angle between the ground states of Cr 2 O − and Cr 2 O, consistent with the broad XЈ band. They also found that there is less geometry change for the transitions to the 9 A 2 and 9 A 1 excited states, consistent with the sharper peaks observed for bands X and A. The reassignment suggests that there is a large error for the computed VDE for the 9 A 2 state. However, the calculated VDEs for all other transitions seem to be in quite good agreement with the experiment, as shown in Table II . There are numerous unresolved features in the spectral region of bands C and D ͑Fig. 1͒, which are consistent with the DFT results that showed at least seven transitions in the same energy range. Therefore, we conclude that the overall agreement between the current PES data and the previous DFT calculations is reasonable, confirming the high spin ground states for both Cr 2 O − and Cr 2 O. For Cr 2 O 2 − , Tono et al. 10 observed the first four bands including the low binding energy weak feature ͑XЈ , X , A , B͒. However, they assigned the very weak band XЈ as the ground state transition, which differs from our assignment. From our experiences, such a weak signal was most likely due to a low-lying isomer, even though we were not able to alter its relative intensity because of the weak mass signals from our cluster source, allowing only a narrow parameter space to produce sufficient Cr 2 O 2 − clusters for the PES experiment. The DFT calculations of Tono et al. 10 predicted again a high spin ground state ͑S =9/2͒ for Cr 2 O 2 − with rhombus D 2h symmetry and a large Cr-Cr distance of 2.64 Å. A low spin ͑S =1/2͒ isomer with similar D 2h symmetry but a shorter Cr-Cr distance of 2.01 Å was found to be 1.4 eV higher in energy. They also made spectral assignments based on the DFT calculations. They predicted a relatively small VDE ͑1.13 eV͒ for the ground state transition, which might be the motivation for them to assign the weak signal XЈ as the ground state transition. But the overall agreement between their calculated VDEs for the high spin Cr 2 O 2 − and their experimental data was not very satisfactory. However, we noticed that their calculated spectral pattern agrees well with our spectra, which were better resolved and contained more spectral transitions. In particular, we found that if we added a constant of 0.56 eV to their calculated VDEs, the corrected VDEs are in excellent agreement with our PES data, as shown in Table II . We tentatively take this agreement as evidence for the high spin ground state for Cr 2 O 2 − . Clearly, more accurate calculations are warranted in light of the current data.
B. Cr 2 O 3 − : Ferromagnetic versus antiferromagnetic isomers
The 355 nm spectrum of Cr 2 O 3 − by Tono et al. 10 resolved only bands X and A. However, the relative ratio of their bands X and A is very different from our data. In our 355 nm spectrum ͓Fig. 3͑b͔͒, bands X and A are both very intense with band A being slightly stronger. But in their 355 nm spectrum, band X was much stronger, at least twice as intense as band A. Our temperature-dependent study ͑Fig. 4͒ suggested that the 355 nm spectrum by Kondow and coworkers might be taken at relatively high temperature conditions and contained large contributions from a low-lying isomer.
DFT calculations by Tono et al. 10 predicted that Cr 2 O 3 − possesses C s symmetry and a puckered four-membered ring structure with an extra oxygen atom terminally bonded to one Cr atom. They found that a high spin state ͑S =7/2͒ and a low spin state ͑S =1/2͒ were nearly degenerate with the low spin state only 0.04 eV higher in energy. The predicted first VDEs for both isomers were similar. Our current PES data matches the predicted VDE pattern of the high spin species ͑ 8 AЈ͒ rather well ͑see Table II͒ , and disagrees with that of the low spin species ͑S =1/2͒. We therefore conclude that the dominant species observed in our experiment was due to the high spin isomer with the low spin isomer contributing to the X band under high temperature conditions. The two vibrational modes observed in our PES spectrum for the ground state transition ͓Fig. 3͑a͔͒ were probably due to Cr-O stretching for the high frequency mode ͑620 cm −1 ͒ and a bending motion for the low frequency mode ͑280 cm −1 ͒. There are no previous experiments on the high oxygen content oxide clusters, but there have been several theoretical calculations about the Cr 2 O n neutral clusters ͑n =4-6͒. 5, 6, 8 Cr 2 O 4 was suggested to possess a puckered structure with a four-membered ring and two terminal O atoms each bonded to a Cr atom. This structure is similar to those for the isoelectronic W 2 O 4 − anion, it is difficult to make detailed assignments of the PES features. The observed vibrational progression ͑630 cm −1 ͒ in the ground state band ͓Fig. 5͑a͔͒ is most likely due to a Cr-O stretching mode. The congested nature of the X band suggested that there might also be low frequency bending modes excited during the detachment transition.
C. Cr
The structure of Cr 2 O 5 was predicted to be similar to that of Cr 2 O 4 with the extra O atom bonded to one Cr atom. 5, 6 This structure is similar to that found for W 2 O 5 .
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The ground state of Cr 2 O 5 was predicted to be a singlet, also similar to W 2 O 5 . The observed vibrational progression ͑710 cm −1 ͒ for the ground state transition ͓Fig. 6͑a͔͒ is likely due to a Cr-O stretching mode.
Cr 2 O 6 is a stoichiometric cluster and its structure was predicted to be D 2h with a four-membered ring and two terminal O atoms on each Cr, 5, 6 which is identical to W 2 O 6 .
The observed PES spectrum for Cr 2 O 6 − showed a large highest occupied molecular orbital ͑HOMO͒-lowest unoccupied molecular orbital ͑LUMO͒ gap ͑ϳ1.7 eV͒, consistent with a stable closed shell Cr 2 O 6 neutral cluster. 39, 40 which are in general similar to the W 2 O n − systems. There are two major differences between the 3d and 5d metals, which are relevant to properties of their oxides. First, the 3d orbitals are more compact and form weaker metal-metal bonds relative to the 5d orbitals, resulting in interesting magnetic couplings in the 3d metals, whereas the 5d metals are nonmagnetic due to strong d-d bonding. The second difference between W and Cr is that W forms much stronger bonds with O than Cr does. 33 Major differences between the Cr 2 O n and W 2 O n clusters occur for the very O-deficient systems from n =1-3 both structurally and electronically. Oxidation of the Cr 2 dimer by one to three O atoms transforms an antiferromagnetic Cr 2 into ferromagnetic Cr 2 O n oxide clusters. [5] [6] [7] [8] [9] [10] Although the ground state of W 2 O is a triplet state, both the ground state of W 2 O 2 and W 2 O 3 are singlets and nonmagnetic. The structures of the two systems are also very different. Whereas in Cr 2 O n the first two O atoms bond to both Cr atoms in a bridging manner, in W 2 O n the first two O atoms each bond only to one W atom because of the strong W-O bond strength. 34 This leaves strong W-W bonding in the O-deficient W 2 O n clusters, resulting in nonmagnetic or very weak magnetic systems. For n = 4 and higher, the Cr 2 O n and W 2 O n systems become similar as the magnetic coupling in the Cr systems becomes weakened due to the loss of 3d electrons to oxygen. One interesting observation is the existence of a low-lying isomer in Cr 2 O 6 − . No low-lying isomer was observed for W 2 O 6 − due to the overwhelming stability of the D 2h structure, which is also reflected in the much larger HOMO-LUMO gap in W 2 O 6 , 2.8 eV vs 1.7 eV in Cr 2 O 6 .
V. CONCLUSIONS
We report a systematic photoelectron spectroscopic study on a series of dichromium oxide clusters, Cr 2 O n − ͑n =1-7͒. Well-resolved PES spectra are obtained for each species at different photon energies. The results are compared with previous studies 9, 10 for n =1-3 and reassignments of major spectral features are made as a result of the better resolved spectra. The overall PES evolution exhibits a behavior of sequential oxidation with oxygen content, where low binding energy Cr 3d-based spectral features diminish in numbers and the spectra shift towards higher binding energies as a result of charge transfer from Cr to O. Clear evidence is also obtained for the existence of low-lying isomers for Cr 2 
